Elevated blood glucose levels in type 2 diabetes mellitus (T2DM), a complex and multifactorial metabolic disease, are caused by insulin resistance and β-cell failure. Various strategies, including the injection of insulin or the usage of insulin-sensitizing drugs, were pursued to treat T2DM or at least reduce the symptoms. In addition, the application of herbal compounds has attracted increasing attention. Thus, it is necessary to find efficient test systems to identify and characterize insulin-mimetic compounds. Here we developed a modified chick embryo model, which enables testing of synthetic compounds and herbal extracts with insulin-mimetic properties. Using a fluorescence microscopy-based primary screen, which quantifies the translocation of Glucose transporter 4 (Glut4) to the plasma membrane, we were able to identify compounds, mainly herbal extracts, which lead to an increase of intracellular glucose concentrations in adipocytes. However, the efficacy of these substances requires further verification in a living organism. Thus, we used an in-ovo approach to identify their blood glucose-reducing properties. The approval by an ethics committee is not needed since the use of chicken embryos during the first two-thirds of embryonic development is not considered an animal experiment. Here, the application of this model is described in detail.
Introduction
Diabetes mellitus is a metabolic disease characterized by hyperglycemia and is caused by defects in insulin secretion or insulin action 1 . Ninety percent of all diabetes cases are category type 2 diabetes mellitus (T2DM), where individuals demonstrate insulin resistance and mostly insulin deficiency 2 . Several factors are known to increase the global incidence of T2DM, including changes in lifestyle, particularly those related to overnutrition, aging, and physical inactivity. Approximately 400 million people have diabetes mellitus worldwide according to the International Diabetes Federation (IDF). This number is expected to reach 600 million within the next 20 years 3 .
Diabetic complications caused by hyperglycemia and insulin-resistance, such as hypertension, dyslipidemia, glucose intolerance, coronary heart disease, and cerebral vascular disease, lead to a significantly reduced life expectancy and quality 4 . Affected individuals require glucoselowering pharmacotherapy; however, the usage of drugs, such as metformin 5 is often associated with dramatic side-effects 6, 7, 8 . Therefore, further antidiabetic approaches that are safe, widely available and inexpensive are necessary.
Different herbal compounds, extracts, plants, and nutraceuticals have been ascribed to feature insulin-mimetic properties by modulating various cellular functions. An important feature is stimulation of the translocation of glucose transporter 4 (GLUT4) to the plasma membrane from intracellular storage compartments, resulting in an increased uptake of glucose in muscle and adipose tissue in the absence of insulin, known as insulin-mimetic properties 9 . Previously, we implemented a fluorescence microscopy-based approach to quantify the translocation process of GLUT4 10 . Analysis of numerous plant extracts from an extract library 11 using this assay resulted in the identification of promising candidates.
However, further tests in living organisms are required. The approach described in detail in this paper, a modified chick embryo model, has proven to be a promising model for identifying substances with insulin-mimetic properties. It represents an attractive tool filling the wide gap between in-vitro and in-vivo studies and offers several advantages in comparison to existing systems such as acceptable costs, simple handling procedures, and adequate throughput rates. In addition, permission by an ethics committee is not required.
Measurement of the Blood Glucose Value
1. At the respective time point, carefully remove the eggshell above the air bladder and equilibrate the eggshell membrane with PBS buffer (enough to cover the whole eggshell membrane). 2. Remove excess PBS buffer by pouring it away. 3. Carefully pull off the eggshell membrane with a pointed pair of tweezers. 4. Cut and remove the chorioallantoic membrane with a micro-scissor, to enable good access to suitable blood vessels. Cut the membrane at least 2 -3 cm. Do not cut any large vessels in the membrane itself to avoid unwanted blood loss of the embryo. 5. Locate the large vessel originating from the abdomen of the embryo. Lift this vessel out of the albumen with a closed micro-scissor and place it on a plastic pH-strip. Move the pH strip under the vessel, which is held with the micro-scissor, and pull back the micro-scissor away carefully. 6. Remove 1 -2 mL of the liquid beneath the chorioallantoic membrane with a pipette to avoid dilution of the blood in the next step. Dry the vessel and pH-strip with filter paper, before the vessel is cut. 7. Cut the blood vessel carefully with a micro-scissor on one side. Do not cut through the vessel completely.
NOTE: The vessel is approximately 1-mm thick. Do not cut more than half of the vessel to avoid cutting through the vessel entirely, as it may slip off the strip and no blood collection is possible. 8. Collect the leaking blood on the pH-strip using a pipette. Ten microliters of blood are required to determine glucose levels using the blood glucose meter.
Statistical Evaluation
1. Calculate the mean value of at least 10 individual eggs per time point and normalize these values to one of the control eggs (non-or buffertreated eggs). 2. Subsequently, determine the percentage of decrease. In addition, use insulin as a positive control.
NOTE: Repeat each experiment at least three times.
Representative Results

Description of the Gluc-HET approach:
After incubation with the substances of interest, the fertilized eggs are opened and prepared for blood collection by removal of the eggshell (Figure 2) . Further preparation includes equilibration and removal of the eggshell membrane to gain access to the chorioallantoic membrane. This membrane is then cut carefully to provide access to a suitable blood vessel for blood collection. Preferably, the large vessel originating from the abdomen of the embryo is placed on a plastic pH-strip. To avoid dilution of the blood during collection, the vessel and pH-strip is patted dry with filter paper. The blood vessel is then cut and blood leaking onto the pH-strip is collected for analysis using a pipette.
Effects of selected herbal extracts on blood glucose levels:
With a recently established GLUT4-translocation quantitation-based primary screen, we are able to identify substances with an insulin-mimetic characteristic 10 . Screening of hundreds of water-soluble herbal extracts resulted in the identification of several hits. These extracts were tested in our in-ovo model. Extracts prepared from Combretum indicum (Rangoon creeper) and a non-disclosed extract (termed extract 0845) were used for these experiments. We dissolved the extracts in HBSS buffer at 300 mg/L, a concentration that turned out to be appropriate in previous studies 12, 13 . Substances were applied to the embryos incubated for 11 days. As indicated in Figure 3 , the extract from Rangoon creeper did not result in a significant blood glucose reduction in-ovo. However, the blood glucose concentration was successfully reduced with extract 0845, with a minor decrease after 60 min, which is comparable to the effect observed using a commercially available insulin analog. A significant effect was observed when the incubation time of the eggs was prolonged. 
Discussion
The HET-CAM assay is a widely used alternative test system to animal testing in the industry 12 . The in-ovo system described here represents a modified version of the HET-CAM assay. While in its original form, HET-CAM experiments are performed to study the irritating properties of compounds and formulation or the analysis of angiogenesis 14, 15, 16 , we have adapted the approach to test compounds with putative insulinmimetic characteristics 12 . According to the directive 2010/63/EU, experiments with non-hatched avian embryos during the first two-thirds of embryonic development do not need permission by an ethics committee since these experiments are not considered animal experiments. Recent studies have proven the suitability of the in-ovo system to characterize the efficacy of selected herbal extracts, which have been identified in a GLUT4-translocation-based primary screen 10 , to reduce blood glucose levels in the absence of insulin 12, 13 . Critical points for a good performance of the in-ovo system include: First, a reliable breeder delivering the fertilized eggs. The Lohmann classic brown chicken is a good choice of breed. Second, the implementation of toxicity tests to exclude toxic effects of the investigated compound needs to be done. In addition, the preparation of a suitable blood vessel for blood collection is important. It is important to avoid the cutting of large vessels in the chorioallantoic membrane itself, as this can lead to a non-preferable loss of blood. Furthermore, before the vessel is cut onto the pH strip, it has to be patted dry using filter paper to prevent dilution of the collected blood. Finally, a sufficient number of experiments appears to be important. We recommend using at least 10 eggs for each time point, and a three-fold repetition of the respective experiment.
Naturally, there are some limitations of this in-ovo approach. Since it takes up to 30 minutes until the substances are absorbed through the eggshell membrane and come into close contact with the chorioallantoic membrane, it is not possible to quantify a rapid response of the embryo to the applied compound. Furthermore, some compounds may be toxic in the applied concentration, which frequently results in lesions of the blood vessels in the chorioallantoic membrane. Thus, cytotoxicity testing based on long-term incubation of the compounds for about 24 hours appears reasonable. Finally, we found that the buffer system used for application of the compounds has a significant effect on the performance of the assay. 12 Currently, HBSS buffer is used because it results in the smallest effect on the blood glucose levels of the embryo.
For future applications, additional buffer systems as an alternative to HBSS might be tested. Furthermore, the influence of herbal extracts on additional blood parameters such as cholesterol, triglycerides or lipoproteins could be an attractive question.
Our new in-ovo system is a promising and important tool to test substances with insulin-mimetic characteristics in a living organism without the need of an animal experiment. Therefore, it fills the gap between in-vitro and in-vivo approaches. In comparison to existing in-ovo model systems 17 there is no need to induce diabetes by streptozotocin (STZ) treatment, as we use embryos at day 10 or 11 of incubation. At this stage, insulin production has not started, but the embryos are already insulin sensitive. Additionally, permission by an ethics committee might be required if embryos aged 14 -17 days are used 17 . Furthermore, compared to alternative strategies 18 , the compound application as described here is less harmful and laborious, increasing experimental through-put rates.
Taken together, this in-ovo approach is an attractive system if a blood-decreasing effect of an insulin-mimetic substance needs to be tested in a living organism.
